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Chapter 4
Molecular, Cellular, and Structural Biology 
of Grapevine fanleaf virus
C. Schmitt-Keichinger, C. Hemmer, F. Berthold, and C. Ritzenthaler
Abstract Grapevine fanleaf virus (GFLV) is one of the 15 viruses causing fanleaf 
degeneration, one of the most detrimental viral diseases of grapevines worldwide. 
GFLV belongs to the genus Nepovirus in the family Secoviridae. It was the first 
phytovirus for which transmission by an ectoparasitic dagger nematode vector was 
demonstrated and the first Nepovirus for which infectious clones were obtained, 
paving the way to studies on virus-vector-host interactions. Information on subcel-
lular localization of GFLV-encoded proteins and the use of modified synthetic virus 
constructs resulted in a better understanding of virus movement and transmission. 
In recent years, advances on the identification of viral determinants involved in the 
specific transmission of GFLV by Xiphinema index were made, and the atomic 
structure of the virus was obtained at a 2.7 Å resolution, revealing potential sites of 
interaction with the nematode vector at the surface of the particle. Host factors 
involved in the early steps of the virus cell-to-cell movement and viral determinants 
of symptom development in herbaceous hosts were identified. Here we review the 
current knowledge of GFLV with a special emphasis on some of its unique features 
compared to other nepoviruses. We also discuss the recent progress in regard to new 
antiviral strategies and suggest future research priorities.
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 Introduction
Grapevine fanleaf virus (GFLV) is one of the 15 nepoviruses causing grapevine 
degeneration disease (Martelli 2014b). While the disease caused by European 
viruses is termed “fanleaf disease,” its American counterpart is known as “grapevine 
decline.” Based on a worldwide distribution, economic impact, absence of efficient 
management measures, and nematode transmission, this virus is one of the most 
damaging viruses to the grape and wine industry (Andret-Link et  al. 2004a). 
Depending on environmental conditions, virus strains and scion/rootstock combina-
tions, crop losses vary from 10 to 80% or can even reach a total loss of production. 
Foliar symptoms appear in early spring as discolorations (mosaic, chlorosis, vein 
banding) and deformations (distortions, closer veins, toothed margins) and petiole 
opening that give the appearance of a fan, hence the name of the virus (Andret-Link 
et al. 2004a; Martelli 2014b). These symptoms are visible throughout the vegetative 
period although they can fade away or even disappear during periods of high tem-
peratures. Malformed canes can present a zigzag shape, shortened internodes, dou-
ble nodes, branching abnormalities, and even fasciations (Andret-Link et al. 2004a; 
Martelli 1993, 2014b; Raski et al. 1983). The flowers and fruits of infected grape-
vines show developmental defaults leading to clusters with smaller and unevenly 
matured berries associated with altered sugar content and acidity concentrations. In 
addition to typical symptoms, various metabolic plant processes are modified, lead-
ing to a progressive decline, a reduced vigor, and ultimately a shortened longevity 
of the infected vine (Andret-Link et al. 2004a; Walter 1988).
In addition to the well-documented infection of most cultivated grapevines (Vitis 
spp.), GFLV is also reported to naturally infect herbaceous weeds in vineyards such 
as members of the Poaceae, which could serve as reservoirs (Cseh et  al. 2012; 
Horvath et al. 1994; Izadpanah et al. 2003). Crude sap of infected grapevine tissue 
can be used to infect herbaceous plant species in the families Amaranthaceae, 
Cucurbitaceae, Solanaceae, and Fabaceae (Andret-Link et al. 2004a; Belin et al. 
2001). More recently, inoculation of the model plant Arabidopsis thaliana in the 
family Brassicaceae with purified GFLV preparations was reported (Amari et al. 
2010).
GFLV is encapsidated in isometric particles of about 30 nm in diameter. Particles 
result from the assembly of a single capsid protein of 56 kDa containing three jelly- 
roll domains, conferring the virus a pseudo T = 3 symmetry. The virus is specifically 
transmitted by the dagger nematode Xiphinema index and belongs to the genus 
Nepovirus, which stands for nematode-transmitted polyhedral virus in the subfam-
ily Comovirinae, family Secoviridae, one of the five families within the order 
Picornavirales (Sanfaçon et al. 2009; van der Vlugt et al. 2015). This order also 
comprises the animal enterovirus poliovirus (PV), one of the most studied RNA 
viruses (Le Gall et al. 2008). Nepoviruses were divided in three subgroups [A to 
which GFLV and Arabis mosaic virus (ArMV) belong, B, and C] based on the 
length of RNA2, sequence similarities, and serological relationships (Francki et al. 
1985; Murant 1981; Sanfaçon 2008).
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GFLV has a bipartite genome consisting of two single-stranded positive-sense 
RNAs. Each RNA is translated into a single polyprotein, which undergoes a proteo-
lytic processing in an RNA1 translation product-dependent manner to produce eight 
final maturation products (Andret-Link et al. 2004a; Morris-Krsinich et al. 1983). 
Infectious cDNA clones are available for GFLV (Viry et al. 1993; Vigne et al. 2013). 
These infectious cDNA clones have helped elucidate the function of most viral 
products (reviewed in Andret-Link et  al. 2004a). However, many aspects of the 
virus life cycle remain poorly understood.
This review summarizes the current knowledge of the molecular and cellular 
processes governing the main steps of the viral life cycle with a special emphasis on 
recent progress regarding replication, cell-to-cell movement, and nematode trans-
mission. Other aspects of GFLV such as the genetic structure of vineyard popula-
tions or management strategies are addressed in Chaps. 3 and 25, 27, 28, and 29 of 
this book.
 Some Historical Perspectives
An extensive historical review of infectious degeneration was recently published 
(Martelli 2014a). Therefore, only a short account of major discoveries will be pro-
vided here with a major emphasis on the molecular aspects of the GFLV life cycle. 
Grapevine degeneration disease was mentioned first in a French report from the late 
nineteenth century (Cazalis-Allut 1865). In 1975, typical fanleaf disease symptoms 
were observed on grapevine leaves that were collected between 1880 and 1886 and 
kept in a herbarium (Martelli and Piro 1975). Soon after the discovery of viruses 
then termed contagium vivum fluidum (Beijerinck 1898), a virus agent was sus-
pected to cause fanleaf degeneration (Baccarini 1902; Savastano 1908). However, it 
is only in 1960 that the virus was identified by electron microscopy observation of 
partially purified virus preparations obtained from infected Chenopodium amaran-
ticolor (Cadman et al. 1960). These partial purifications were also used to character-
ize some biochemical and serological properties of the virus. The failure to transfer 
GFLV from infected C. amaranticolor to the natural grapevine host by mechanical 
inoculation delayed the fulfillment of Koch’s postulates. It is only after the vector 
was identified that the causal relationship between GFLV and the disease was estab-
lished (Hewitt et al. 1962). The soil-borne transmission of the virus was long sus-
pected from the patchy distribution of diseased vines in vineyards. The demonstration 
of X. index transmitting GFLV was the first proof of a phytovirus vectored by a 
nematode (Cadman et al. 1960; Hewitt et al. 1958). This groundbreaking research 
established that GFLV is the causal agent of fanleaf disease. The fact that X. index 
is the vector of GFLV rather than the hemipteran phylloxera was a major driver for 
the creation of the International Council for the Study of Virus and Virus-Like 
Diseases of the Grapevine (ICVG) in 1962. ICVG is still active and promotes scien-
tific exchanges and cooperation on graft-transmissible grapevine diseases world-
wide (Martelli 2014a). The findings by Hewitt et al. (1958) largely contributed to 
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subsequent studies on the relationship between GFLV and X. index. For example, 
the acquisition and inoculation access periods were determined in the late 1960s 
(Das and Raski 1968). Later, in the 1970s, GFLV was visualized as monolayers of 
particles in the nematode’s feeding apparatus extending from the odontophore to the 
esophagus (Raski et al. 1973; Taylor and Robertson 1970). Then, immunosorbent 
electron microscopy (ISEM, Roberts and Brown 1980) and enzyme-linked immu-
nosorbent assays (ELISA, Walter and Etienne 1987; Walter et al. 1979, 1984) were 
developed for the detection of nepoviruses, including GFLV, in single nematodes 
and plant roots or leaves. In the 1990s, the emergence of molecular tools allowed the 
determination of the sequence of the GFLV reference strain F13 (Fuchs et al. 1989; 
Ritzenthaler et al. 1991; Serghini et al. 1990), the engineering of infectious cDNA 
clones (Viry et al. 1993), and the development of recombinant molecules between 
GFLV and the serologically related ArMV (ArMV, Belin et al. 1999). This pioneer-
ing work led more recently to the identification of the coat protein (CP) as the deter-
minant of the specific GFLV transmission by X. index (Andret-Link et al. 2004b; 
Belin et  al. 2001). These efforts alongside the determination of the structure of 
GFLV and ArMV finally resulted in the hypothesis that a positively charged cavity 
at the external surface of GFLV could constitute a nematode-receptor-binding 
pocket (Lai-Kee-Him et al. 2013; Schellenberger et al. 2010, 2011).
 Genome Organization
As GFLV was the first grapevine virus successfully passaged to herbaceous plants, 
it was the first to be extensively characterized and completely sequenced. Like other 
nepoviruses, GFLV particles sediment as three distinct components called top (T), 
middle (M), and bottom (B) in sucrose density gradients (Quacquarelli et al. 1976). 
T components correspond to empty shells whereas M and B particles contain the 
bipartite single-stranded RNA genome of positive polarity. The molecular mass of 
the two linear genomic molecules was estimated at 2.4 and 1.4 × 106 Da for RNA1 
and RNA2, respectively (Morris-Krsinich et  al. 1983; Quacquarelli et  al. 1976). 
These RNAs are polyadenylated at their 3′ end and covalently linked to a small viral 
protein (VPg) at their 5′ extremity. In 1988, a GFLV strain was isolated from a 
Muscat vine in Frontignan, France. This strain called F13 showed exacerbated 
symptoms after transfer to C. quinoa (Vuittenez et al. 1964). GFLV-F13 contains an 
additional RNA (RNA3), which was shown to be a satellite RNA (satRNA) encod-
ing a single protein (Pinck et al. 1988). This satRNA of 1114 nucleotides (nts) was 
the first GFLV RNA for which a complete cDNA copy was cloned and sequenced 
(Fuchs et al. 1989). Replication assays of in vitro synthesized wild- type or mutated 
transcripts of RNA3 in the presence of the helper virus genome in C. quinoa proto-
plasts confirmed the expression of a nonstructural protein of 37 kDa (called P3). 
They also revealed the absolute requirement of the 14 nt long 5′ untranslated region 
(UTR), the 74 nt long 3′-UTR, and the P3 protein for RNA3 replication (Hans et al. 
1992, 1993). The presence of a similar satRNA was subsequently described in 15% 
C. Schmitt-Keichinger et al.
87
of GFLV isolates passaged on C. quinoa plants as well as in Vitis vinifera cv. Glera 
from Italy (Saldarelli et al. 1993). More recently, additional infectious cDNA clones 
of satRNAs were obtained, and their specific relationship to helper viruses was 
shown (Gottula et al. 2013; Lamprecht et al. 2013). However, the function of GFLV 
satRNAs remains unknown since they did not show any effect on virus accumula-
tion nor symptom development in herbaceous hosts, and they were proposed to have 
originated by chance recombination between a nepovirus genomic RNA and an 
unknown RNA (Gottula et  al. 2013). More recently, GFLV- and ArMV- satRNAs 
were detected in 72% of the naturally infected grapevines analyzed in Slovenia 
(Čepin et al. 2015). Phylogenetic studies confirmed a specific association between 
satRNAs and their helper viruses but confirmed the idea that closely related satRNAs 
do not necessarily depend on a same helper for their replication (Čepin et al. 2015).
Soon after the cloning of RNA3, the genomic RNA1 and RNA2 of GFLV strain 
F13 (Fig. 4.1) were cloned and sequenced (Ritzenthaler et al. 1991; Serghini et al. 
1990). In vitro translation studies (Margis and Pinck 1992; Margis et al. 1993, 1991) 
and the development of infectious cDNA clones (Viry et al. 1993) led to the descrip-
tion of the genetic organization of the GFLV genome and the identification of pro-
tein functions. RNA1 encodes polyprotein P1 (253 kDa) which is processed into 
five final products: protein 1A (46 kDa) of unknown function, protein 1BHel (88 kDa) 
which contains a predicted SF3 helicase domain, protein 1CVPg (24 amino acids) 
which is genome linked, protein 1DPro (24 kDa) with a 3C proteinase activity, and 
protein 1EPol (92 kDa) which harbors the RNA-dependent RNA-polymerase (RdRp) 
signature. Polyprotein P2 (122 kDa) is translated from RNA2 and matured in trans 
into three final products: 2AHP, 2BMP, and 2CCP. Protein 2AHP (28 kDa) is necessary 
for RNA2 replication and is proposed to act within the P2 precursor to guide the 
P2-RNA2 complex to the RNA1-encoded replication sites (Gaire et al. 1999); it was 
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Fig. 4.1 Genetic organization of Grapevine fanleaf virus (GFLV). Open boxes represent coding 
sequences and lines represent the 5′- and 3′-UTRs. The size of RNAs and molecular masses of 
proteins are given for GFLV strain F13. Dipeptidic cleavage sites are indicated in the single letter 
code below the arrowheads. The VPg is depicted as a circle containing a V sign
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therefore referred to as a homing protein (HP, Ritzenthaler et al. 2002). Protein 2BMP 
is the tubule-forming movement protein (MP), and 2CCP is the structural coat pro-
tein (Ritzenthaler et al. 1995; Serghini et al. 1990).
RNA1 is able to self-replicate in protoplasts, whereas both genomic RNAs are 
essential to the onset of local and systemic infections in plants (Viry et al. 1993). 
The proteolytic maturation of both polyproteins is provided by the 1DPro domain of 
polyprotein P1, although the precursor 1CVPg-1DPro seems to be more efficient on 
some cleavage sites, notably on the C/A dipeptide between the 1A and 1BHel 
domains, whereas the mature 1DPro could be superior in releasing proteins from 
polyprotein P2 (Margis et al. 1994). In addition to this 1A-1BHel cleavage, Tomato 
ringspot virus (ToRSV), a subgroup C Nepovirus, further processes its Hel- 
containing domain into two proteins called X2 and NTB (nucleoside triphosphate 
binding), the 1A protein being named X1. The ToRSV proteins X2 and NTB are 
involved in membrane changes necessary for the replication-complex assembly 
(Sanfaçon 2013; Wang and Sanfaçon 2000). This additional proteolytic cleavage is 
also reported for ArMV (Wetzel et al. 2008); no information is available on a X2/
NTB cleavage for GFLV.  Another additional proteolytic cleavage of P1 was 
described at the C-terminus of the ToRSV RdRp (Chisholm et al. 2007), but a simi-
lar polyprotein processing was not shown for GFLV 1EPol either upon infection or 
transient overexpression assays (Chisholm et al. 2007; Vigne et al. 2013).
RNA2 is needed for plant infection by GFLV because it encodes both the 2CCP 
structural protein, 60 subunits of which form the capsid and the 2BMP movement 
protein, which assembles into tubules. These two proteins are necessary for the 
virus cell-to-cell and long distance movement. The third protein encoded by RNA2, 
protein 2AHP, or its coding sequence, is essential but not sufficient for the replication 
of RNA2. Indeed, although 2BMP and 2CCP coding sequences can be deleted from a 
RNA2 construct and thus are dispensable for replication in protoplasts, the 2AHP 
coding sequence is not sufficient for replication; additional coding sequences, not 
necessarily of viral origin, are needed. This was demonstrated by the absence of 
replication of a deletion RNA2 mutant lacking 2BMP and 2CCP sequences and the 
restoration of replication upon replacement of these sequences by the nonviral green 
fluorescent protein (GFP) coding sequence (Gaire et  al. 1999). This observation 
could indicate a change in the conformation or stability of the 2AHP domain, depend-
ing on whether it is by itself or part of a larger protein that is critical for replication. 
In agreement with the homing protein hypothesis, the location of protein 2AHP, 
when expressed as a 2AHP:GFP fusion, changes from small aggregates distributed 
throughout the cytoplasm to a big perinuclear structure also containing the RNA1- 
encoded 1DPro and 1CVPg. The 2AHP:GFP fusion is also active in replication, as dem-
onstrated by the presence of double-stranded (ds) RNA and its capacity to incorporate 
modified UTP (Gaire et al. 1999).
In addition to the coding sequence, the genomic RNAs of GFLV possess 5′- and 
3′-UTRs shorter than 300  nts. Like for other nepoviruses, these regions share 
sequence identity between the two RNAs although to a lesser extent than the 
98–99 % identity described for ToRSV (Sanfaçon et al. 2009; Walker et al. 2015). 
More particularly, three putative conserved stem-loop motifs were described among 
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GFLV, ArMV, and Grapevine deformation virus (GDefV, a probable recombinant 
between GFLV and ArMV, Elbeaino et al. 2012; Mekuria et al. 2009). This conser-
vation suggests a common role of these conserved stem-loop sequences, most prob-
ably in replication or translation of the viral RNAs, although experimental evidence 
sustaining this hypothesis is lacking. More data is available on the function of these 
UTRs for the subgroup C Nepovirus Blackcurrant reversion virus (BRV), for which 
an internal ribosome entry site (IRES) was reported in the 5′-UTRs and a new class 
of cap-independent translation enhancers (CITEs) identified in the 3′-UTRs 
(Karetnikov et al. 2006; Karetnikov and Lehto 2007). On both genomic RNAs, the 
CITE in the 3′-UTR must base pair with the 5′-UTR, thus forming a kissing loop, 
to increase the cap-independent translation of reporter genes (Karetnikov and Lehto 
2008). Whether these features and their function are conserved among nepoviruses 
of subgroup A like GFLV or ArMV remains to be addressed.
UTRs of RNA viruses are important cis elements for RNA recognition by the 
viral RdRp in the replication complex in order to synthesize both the intermediate 
minus strand RNA and the genomic viral progeny (Newburn and White 2015). 
Apart from the aforementioned role of the GFLV-F13 satRNA-UTRs, limited infor-
mation is available on the role of GFLV UTRs in this process. However, sequence 
analysis of RNA2 of GFLV strain GHu has revealed a dual origin, as it results from 
an interspecies recombination between ArMV and GFLV, with an ArMV-derived 
5′-UTR and a 3′-UTR of GFLV origin. More recombinants have been described 
with 5′- and 3′-UTRs of different sources (Vigne et al. 2008), suggesting that, if 
involved in replication, these UTRs do not provide a strict species specificity.
Infectious cDNA clones of GFLV were first obtained from the F13 reference 
strain (Viry et al. 1993). They consist of a cDNA copy of the genomic RNA1 and 
RNA2 under the control of a T7 in vitro transcription promoter. Because long dele-
tions in viral genomes are often lethal, infectious clones have mainly been used to 
generate recombinant viruses by exchanging homologous sequences between GFLV 
and ArMV.  This strategy has proven effective in identifying critical residues 
involved in systemic movement in planta and transmission of GFLV by X. index 
(Andret-Link et  al. 2004b; Belin et  al. 2001, 1999; Marmonier et  al. 2010; 
Schellenberger et al. 2010). More recently, recombinant cDNA clones were derived 
from the GFLV-F13 infectious clones for expression of the fluorescent TagRFP 
(Merzlyak et al. 2007) or EGFP (Zhang et al. 1996) downstream of the 2AHP coding 
sequence. Synthetic recombinant GFLV-TagRFP (F1F2-2ATR) and GFLV-EGFP 
(F1F2-2AEG) viruses are infectious in C. quinoa and Nicotiana benthamiana plants 
and thus constitute good tools to monitor virus multiplication in inoculated leaves, 
where doughnut-shaped infection sites are visible, and in apical uninoculated leaves, 
where systemic spread is visible through symptom expression (Fig. 4.2). Infectious 
clones are also available for GFLV-GHu (Vigne et  al. 2013) and ArMV (Wetzel 
et al. 2013). More recently, the nepovirus infectious clone collection was expanded 
to tobacco ringspot virus (TRSV, Zhao et  al. 2015) and tomato black ring virus 
(TBRV, Zarzyńska-Nowak et al. 2017).
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 Symptom Determination
Viral symptom development on a diseased plant is conditioned by the genetic back-
ground of both the plant and the virus, in addition to numerous environmental fac-
tors. In perennial crops like grapevine, studying symptom development is 
complicated by the high frequency of multiple infections in addition to the quasi-
species nature of viruses. As already mentioned, GFLV-infected grapevines present 
malformations and discolorations. These symptoms are thought to be associated to 
two syndromes called infectious malformations (MF) and yellow mosaic (YM) that 
are considered provoked by distorting and chromogenic strains, respectively 
(Elbeaino et al. 2014; Martelli and Boudon-Padieu 2006). The 2AHP coding sequence 
is a strong symptom determinant candidate because it is the most variable sequence 
in GFLV and ArMV and corresponds to a hot spot of intra- and interspecies recom-
bination, indicating it is under low selective pressure (Mekuria et  al. 2009). The 
2AHP coding sequence is also the most variable in nucleotide diversity and size 
among viruses in the family Secoviridae (Sanfaçon et al. 2009; Wetzel et al. 2002). 
Furthermore, the cloned 2AHP coding sequence of ArMV-NW was shown to 
Fig. 4.2 Functionality of recombinant clones of Grapevine fanleaf virus (GFLV) strain F13 
encoding a fluorescent protein in Chenopodium quinoa. (a) Schematic representation of the recom-
binant RNAs 2 F2-2ATR and F2-2AEG encoding the TagRFP or EGFP protein, respectively. 
When co-inoculated with synthetic RNA1 (F1) infection foci in the inoculated leaf (b, d and e) and 
systemic spread in apical non-inoculated leaves (c and f) are visualized. Recombinant GFLV 
expressing TagRFP are shown in panels b and c whereas GFLV expressing EGFP are shown in 
panels d, e, and f. Pictures were taken with a Zeiss Axio Zoom V16 microscope at 3 (d), 6 (e), or 
10 (b, c, and f) days post-inoculation. Scale bars represent 1 mm except in d where it represents 
0.1 mm
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withstand extensive deletions in its N-proximal, central, and C-terminal parts with-
out losing virus infectivity on C. quinoa plants (Nourinejhad Zarghani et al. 2014). 
These properties are compatible with an involvement of the 2AHP protein or coding 
sequence in host range and host-specific symptoms.
Sequence analysis of the 2AHP coding sequence from 28 GFLV isolates of vari-
ous countries suggests that this variable genomic region could be responsible for the 
diverse symptoms (Elbeaino et al. 2014; Mekuria et al. 2009; Naraghi-Arani et al. 
2001). More specifically, recombinant ArMV sequences in the 2AHP coding region 
of GFLV-RNA2 are hypothesized to account for YM symptoms because such 
recombinants were consistently isolated from vines with YM but not from vines 
exhibiting MF symptoms (Elbeaino et al. 2014). Whether the 2AHP coding sequence 
actually determines the chromogenic character of a GFLV strain needs to be con-
firmed in a genetic gain-of-function approach (Elbeaino et al. 2014).
A study of the viral genetic determinants of symptom expression on herbaceous 
hosts revealed the involvement of GFLV-GHu RNA1 in vein clearing or chlorotic 
spots on N. benthamiana and N. clevelandii (Fig.  4.3, Vigne et  al. 2013). More 
Fig. 4.3 Grapevine fanleaf virus (GFLV) strain F13 causes a systemic but symptomless infection 
on Nicotiana benthamiana (c). This phenotype is reproduced when synthetic RNA1 is of F13 ori-
gin (F1) or contains GHu sequences like the recombinant F1(1ENter)G encoding an N-proximal 
portion of protein GHu-1EPol (a). GFLV strain GHu on the other hand produces mosaic symptoms 
on systemic leaves (d), which are reproduced by synthetic RNA1 if the C-terminal part of the 1EPol 
domain is of GHu origin (b). These results are similar whether RNA2 is of F13 or GHu origin. 
White boxes represent F13 sequences whereas GHu sequences are depicted in gray (After Vigne 
et al. 2013)
4 Molecular, Cellular, and Structural Biology of Grapevine fanleaf virus
92
 precisely, a two-step reverse genetics approach showed that the 3′ proximal region 
of the 1EPol coding sequence elicits symptoms on these two Nicotianae species 
(Vigne et al. 2013). Although the mechanism underlying symptom development is 
not elucidated, no link between virus accumulation and symptoms was found. 
Similarly, it is not known whether the 408 nucleotides or the 136 amino acids of this 
1EPol region are triggering symptom development. These findings highlight differ-
ences between GFLV and the subgroup B Nepovirus grapevine chrome mosaic 
virus (GCMV). The involvement of the 5′-UTR of GFLV was ruled out as a symp-
tom determinant (Fernandez et al. 1999; Vigne et al. 2013), but the necrogenic effect 
of its counterpart in GCMV was established (Fernandez et al. 1999; Vigne et al. 
2013).
 Replication
Like other viruses, particularly the Comovirus Cowpea mosaic virus (CPMV) and 
the Nepovirus ToRSV (Carette et al. 2000; Han and Sanfaçon 2003), GFLV repli-
cates on endoplasmic reticulum (ER)-derived vesicles (Ritzenthaler et  al. 2002). 
The assembly of these GFLV replication compartments requires de novo phospho-
lipid synthesis, as demonstrated by the inhibition of replication observed when 
GFLV-infected protoplasts are treated with cerulenin. Immunolabeling experiments 
also showed that ER-derived compartments contain dsRNA replication intermedi-
ates and the genome-linked 1CVPg protein in addition to being the site of UTP 
incorporation (Ritzenthaler et al. 2002). Immuno-trapped vesicles from these com-
partments were observed in electron microscopy, showing that some aggregated 
membranes present a “rosette-like” structure very similar to the one described in 
PV-infected cells (Bienz et  al. 1992; Ritzenthaler et  al. 2002). Although no 3D 
reconstruction of the GFLV replication compartment is available to date, similari-
ties with PV suggest that GFLV replication factories could adopt a double mem-
brane vesicle (DMV) architecture rather than a spherule architecture (Paul and 
Bartenschlager 2013).
In many viruses, one or two proteins are associated with membrane changes 
observed during virus infection (Laliberté and Sanfaçon 2010). For GFLV, domains 
of the self-replicating RNA1 probably encode membrane remodeling functions. 
Among the GFLV RNA1-derived proteins, only protein 1BHel contains predicted 
transmembrane domains or a putative amphipathic helix and colocalizes to the 
ER. However, direct evidence of a scaffolding function to anchor the replication 
complex is still missing. More information is available for ToRSV for which the 
NTB and NTB-VPg proteins are associated with the ER.  When purified from 
infected plant membranous fractions, the NTB core region seems exposed toward 
the cytoplasm, while the VPg likely localizes on the luminal side of the purified 
membranes, suggesting that NTB-containing proteins are integral membrane pro-
teins anchoring the replication complex within the ER-derivatives (Han and 
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Sanfaçon 2003). The shorter X2 protein of ToRSV also associates to ER membranes 
and could thus, together with NTB containing proteins, oligomerize to form a pore 
and cause membrane curvature (Wang et al. 2004; Zhang and Sanfaçon 2006). The 
GFLV 1EPol protein does not associate to membranes by itself when expressed 
ectopically in N. benthamiana leaves and thus probably depends on protein 1BHel for 
its anchoring to the replication complex (C. Schmitt-Keichinger and F. Berthold, 
unpublished results). Further protein-protein interaction studies between proteins 
1EPol and 1BHel are needed to support this hypothesis.
Protein 2AHP of GFLV was shown to localize to the replication complexes and, 
as mentioned above, is required for the replication of its cognate RNA.  When 
expressed as a fusion to GFP, the location of protein 2AHP changes during the course 
of infection from small aggregates distributed throughout the cytoplasm to a peri-
nuclear and condensed structure, well in agreement with the hypothesized function 
of a homing protein for the recruitment of P2 and/or RNA2 to the replication com-
plexes (Gaire et al. 1999). However, the exact role of protein 2AHP in replication is 
not clear. Its elucidation will require better insights into its intrinsic properties and 
its interactions with other viral and host proteins during the replication process.
Not much is known about the involvement of other viral proteins in the GFLV 
replication. By analogy with other picornavirids, one can speculate that protein 
1CVPg probably acts as a primer for RNA amplification after its uridylation by the 
viral RdRp (Steil and Barton 2009), but so far, there is no evidence for such a func-
tion for any nepovirus nor is there any indication of what P1 derivative(s) could act 
as a VPg donor.
 Cell-to-Cell and Systemic Movement
Once a plant virus has replicated in the primarily infected cell, it needs to cross the 
rigid cell wall to reach the neighboring uninfected cell. To do so, viruses make use 
of plasmodesmata (PD) that constitute natural intercellular communication routes. 
Viruses employ different mechanisms to move from cell to cell, all of which involve 
one or more MP(s). GFLV, like CPMV, modifies the PD structure, replacing the 
ER-derived desmotubule by a viral tubule for the transport of virions. This strategy 
known as tubule-guided movement requires both the assembly of the MP into 
PD-located tubules and the proper assembly of capsids.
The 2BMP coding sequence of GFLV is the only viral product needed to form 
tubules within PD (Laporte et al. 2003). The use of cultured tobacco BY-2 cells that 
grow as short chains and thus maintain intercell contact helped address the intracel-
lular trafficking of protein 2BMP from the perinuclear viral compartment where it is 
produced to PD.  A pharmaceutical approach demonstrated the requirement of a 
functional secretory pathway for the tubule assembly in cell walls. Also, the cyto-
skeleton is necessary for the proper targeting of the tubules at the periphery of the 
cell, although it seems dispensable for the tubule assembly step itself (Laporte et al. 
2003). Later a small family of PD-located proteins (PDLPs) was identified (Thomas 
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et al. 2008). Their role in anchoring MPs in PDs to initiate tubule assembly was 
established, not only for GFLV but also for the unrelated DNA virus Cauliflower 
mosaic virus (CaMV), indicating a common receptor-like role of PDLPs in the 
tubule-guided movement of viruses (Amari et al. 2010). PDLPs are transported to 
PDs within the secretory pathway in a myosin-dependent manner, as shown by their 
mislocalization and thus inhibition of GFLV movement in the presence of dominant 
negative mutants of class XI myosins (Amari et al. 2011). Altogether this work on 
GFLV tubule formation provided mechanistic insights into cell-to-cell movement of 
tubule-guided viruses. The current model proposes that 2BMP subunits traffic either 
by diffusion or along microtubules from the replication compartment to the cell 
periphery where they anchor on PDLPs to form tubules, likely in an oriented way, 
by sequential incorporation at the base of the growing tubule until it protrudes in the 
cytoplasm of the neighboring cell (Ritzenthaler and Hofmann 2007). How the viri-
ons and the 2BMP or tubules come together and how particles travel across tubules 
remains undetermined. It is however likely that virions are incorporated during 
tubule assembly and progress like people on an escalator until tubules depolymerize 
in the next cell rather than virions traversing tubules like cars in a tunnel (Ritzenthaler 
2011; van Lent and Schmitt-Keichinger 2006).
This tubule-guided movement of GFLV undeniably requires an interaction 
between the 2BMP protein and either the 2CCP protein or the capsid. Although such 
an interaction has never been demonstrated, genetic evidence of a specific interac-
tion came from chimeric constructs between GFLV and ArMV, which showed that 
virus movement only occurred when the 9 C-terminal residues of 2BMP originated 
from the same virus species as the 2CCP (Belin et al. 1999). These results suggest 
that like the MP of CPMV, the GFLV 2BMP probably points its C-terminus toward 
the inner side of the tubules where it interacts with virions (van Lent et al. 1991). 
Candidate areas of the 2CCP protein for specific interactions with the nematode vec-
tor were defined as exposed at the surface of the particle, conserved among GFLV 
strains but different from ArMV strains. These criteria also apply for specific inter-
actions between the capsids and the tubules. Region R4 (amino acids 258–264) in 
loop ßE-αB of the 2CCP domain B was proposed to be involved in cell-to-cell move-
ment through 2CCP-2BMP interactions since its replacement by its ArMV counterpart 
abolished plant infection without inhibiting the protective function of the capsid 
(Schellenberger et al. 2010).
The availability of infectious GFLV clones encoding a fluorescent tag enables 
the visualization of cell-to-cell and long-distance movement (Fig. 4.2). These tools 
are very valuable to identify movement determinants on both the 2BMP C-terminus 
and the capsid surface. They should also help addressing the successive steps for 
long distance transport, i.e., crossing different types of PDs and cells, entering the 
phloem vasculature, following the source-to-sink transfer of carbohydrates and 
unloading from the phloem into uninfected systemic leaves or roots (Hipper et al. 
2013). Growing evidence collected from different viruses suggests that different 
steps of the virus transport require different viral proteins or protein domains and 
thus likely constitute particular stages that require different interactions with the 
host (for a review see Hipper et al. 2013). In the case of GFLV in particular, and 
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nepoviruses in general, little is known about distinct requirements for cell-to-cell 
versus long-distance movement.
 Transmission
GFLV is the first plant virus for which transmission from plant to plant by an ecto-
parasitic nematode was demonstrated (Hewitt et  al. 1958). This transmission is 
highly specific as GFLV is only transmitted by X. index and, vice-versa, X. index 
only transmits GFLV, suggesting an interaction between a yet-to-be-identified 
nematode- receptor and the viral particle. Similarly, ArMV is only transmitted by X. 
diversicaudatum. This specificity in vector-mediated transmission, the availability 
of infectious clones, and the development of conditions for reliable and efficient 
transmission assays prompted a reverse genetics approach to identify RNA2 and 
more precisely the 2CCP coding sequence as the determinant of the specific trans-
mission of both GFLV and ArMV (Andret-Link et  al. 2004b; Belin et  al. 2001; 
Marmonier et al. 2010).
A 3D homology model of GFLV based on the crystal structure of TRSV 
(Chandrasekar and Johnson 1998) was obtained. From this model, regions predicted 
at the surface of the capsid, conserved among GFLV isolates and divergent in ArMV, 
were selected for the design of chimeric RNA2 constructs. Transmission assays of 
recombinant viruses revealed a stretch of 11 residues (188-FFDLTAVTALR-198 
constituting region R2) in the ßB-ßC loop of the 2CCP subunit, near the threefold 
axis of the icosahedral symmetry, as a determinant of transmission (Fig.  4.4, 
Schellenberger et al. 2010). Also, a single 2CCP residue (Gly297) is important for 
efficient GFLV transmission. The atomic structure of GFLV, resolved at 2.7 Å, sug-
gests that region R2 and Gly297 delineate a positively charged cavity at the surface 
of the virion (Schellenberger et al. 2011). This pocket rather than individual resi-
dues could contribute to the specific retention of the virus within the nematode; it 
was therefore called ligand-binding pocket (LBP, Schellenberger et  al. 2011). A 
comparative analysis of the structure of GFLV and ArMV, the latter being obtained 
by cryo-electron microscopy resolution at 6.5 Å, highlighted notable differences 
between the two capsids. The positively charged cavity in the GFLV capsid corre-
sponds to a negatively charged cavity in ArMV. This observation strengthens the 
idea that this pocket could explain the differential transmission between the two 
viruses (Lai-Kee-Him et al. 2013), an hypothesis that is consistent with the surface- 
charge density of virus particles evoked almost 40  years earlier (Harrison et  al. 
1974). In accordance with this charge hypothesis, the replacement of Gly297 by the 
neutral amino acid Ala (mutant G297A) has no effect on the transmission rate of 
GFLV, while the negatively charged Asp (mutant G297D) dramatically reduces 
transmission efficiency (Schellenberger et al. 2011). More amino acid substitutions 
scanning the overall putative LBP and modifying its charge are needed to draw 
more definite conclusion.
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 Capsid Structure and Encapsidation
The single GFLV structural protein 2CCP contains three jelly-roll ß-barrel domains 
characteristic of icosahedral capsids. These domains are denominated C, B, and A 
from the N- to the C-terminus of the protein sequence and connected by two linking 
peptides. The determination of the crystal structure of two GFLV isolates (TD and 
F13) at a 2.7 Å and 3 Å resolution, respectively, and their comparison to the pseudo 
atomic structures of ArMV at 6.5 Å and of BRV at 17 Å, both obtained by cryo- 
electron microscopy, unveiled structural features of the nepovirus capsid. The 
N-terminus (domain C) of all four CPs points toward the inside of the capsid and the 
C-terminus (domain A) are exposed at the surface of virions (Chandrasekar and 
Johnson 1998; Lai-Kee-Him et al. 2013; Schellenberger et al. 2011; Seitsonen et al. 
2008). The four CPs exhibit two prominences, one pronounced at the fivefold axis 
of symmetry and another more moderate one at the threefold axis, and a minor 
depression at the twofold axis.
GFLV differs from TRSV mainly by its longer and more protruding ßG-ßH loop 
located at the surface of the virion within the B domain of the 2CCP subunit and by 
the absence of an N-terminal tail protruding inside the particle (Schellenberger et al. 
2011). GFLV and ArMV are very similar in their architecture although the outer 
Fig. 4.4 Architecture of the Grapevine fanleaf virus (GFLV) capsid and surface features involved 
in transmission. (a) Representation of the GFLV crystal structure resolved at 3.0 Å. The capsid 
surface is colored according to the radial distance from the center of the particle, ranging from blue 
(12 nm) to red (16 nm). One icosahedral asymmetric unit (AU) and one 2CCP subunit are shown as 
a black triangle and yellow delineation, respectively. The solid black pentagon, triangle, and oval 
symbolize fivefold, threefold, and twofold icosahedral symmetry axes, respectively. (b) Roadmap 
surface projection of 1 AU in which the polar angles θ and Φ represent latitude and longitude, 
respectively. The ligand-binding pocket (LBP) and R4 positions are delineated in magenta and 
white, respectively. Residues involved in GFLV transmission (G297 and R2) are indicated with 
horizontal white stripes. (c) Detailed view of one LBP in ribbon representation showing the ßB-ßC 
(orange), ßC′-ßC″ (dodger blue), and ßG-ßH (purple) loops surrounding the residues exposed at 
the bottom of the cavity (magenta) forming the LBP. The R4 (white) and C-terminus of the 2CCP 
are indicated, and G297 and R2 are highlighted (neon green)
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exposed loops of the B and C domains appear slightly shifted between the two 
viruses. GFLV and ArMV also significantly vary in their surface potential around 
two cavities: the already mentioned LBP in the B domain and a cavity in the A 
domain (negatively charged in GFLV and positively charged in ArMV). In addition 
to these main differences on the whole capsid surface, local variations are also 
observed. Among these variations, one of the residues (Gln versus Lys in position 
324) located near the threefold axis of symmetry is suggested to be accessible for 
transmission or movement of the virus (Lai-Kee-Him et al. 2013).
Not much is known about possible RNA-CP interactions for the encapsidation 
process of GFLV. However, the presence of empty particles in purified virus prepa-
rations from infected plants (Quacquarelli et al. 1976) and of virus like particles 
(VLPs) in cells expressing the CP of GFLV and other nepoviruses (Belval et  al. 
2016; Bertioli et al. 1991; Gottschammel et al. 2009; Singh et al. 1995) strongly 
suggest that RNA is dispensable for the formation or the stability of the capsid of 
GFLV and other nepoviruses. Nevertheless, it is not known whether empty capsids 
represent an intermediate step in RNA packaging or whether CPs auto-assemble to 
produce empty particles or particles containing viral RNAs, depending on the pres-
ence or concentration of genomic RNA at the site of assembly.
Unlike for movement or nematode transmission, the capsid does not display any 
specificity for ArMV- versus GFLV-RNAs encapsidation, as deduced from proper 
virion formation of recombinant GFLV-RNA2 encoding an ArMV 2CCP sequence 
(Marmonier et al. 2010). The observation of RNA-containing particles of the same 
ArMV recombinant at 6.5 Å showed strong RNA-2CCP interactions through five 
residues near the three- and fivefold axes, three of which are conserved between 
GFLV and ArMV. It has to be noted that the strongest interaction is near the fivefold 
axis involving two amino acids at the C-terminus of 2CCP domain A (Lai-Kee-Him 
et al. 2013). For BRV, a projection of the RNA toward the fivefold axis has been 
described, reinforcing the hypothesis that pentameric capsomers could serve as a 
gate for RNA release (Lai-Kee-Him et al. 2013; Seitsonen et al. 2008).
The need for a cis packaging signal on the viral RNA also remains an open ques-
tion for GFLV and nepoviruses in general. This type of RNA sequence or structure, 
although common for icosahedral viruses, is absent in many viruses in the family 
Picornaviridae, particularly in PV whose morphogenesis has been extensively stud-
ied. The specific encapsidation of the viral PV RNA has been proposed through the 
interaction of a structural protein with a nonstructural protein of the replication 
complex, resulting in the assembly of the particles around the progeny RNA (Jiang 
et al. 2014). Such a protein-protein interaction has recently been proposed to explain 
the involvement of the exposed C-terminus of the small CPMV-CP subunit in pro-
moting RNA encapsidation despite its exposure at the virion surface (Hesketh et al. 
2015).
Further studies are needed to tackle the existence of a packaging signal of the 
segmented genome of GFLV and to address the necessity of an active replication 
and/or a nonstructural protein for viral RNA encapsidation.
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 Antiviral Strategies
From the very beginning of the 1960s, efforts to control GFLV and fanleaf degen-
eration in vineyards focused on soil fumigation with nematicides, the use of root-
stock genotypes with some degrees of resistance to nematode vectors, and sanitation 
and certification (for recent reviews, see Maliogka et  al. 2015; Martelli 2014a). 
Although some of these approaches lead to delays in disease development, and thus 
help maintain vineyard profitability to some extent, they are not satisfactory, espe-
cially because their temporary effects are inappropriate for a perennial crop such as 
grapevine.
Since the advent of grapevine transformation techniques in the 1990s, resistant 
rootstocks or scions have been developed for GFLV resistance based on the concept 
of parasite-derived resistance (Sanford and Johnston 1985) by using different virus- 
derived translatable or non-translatable sequences (for an extensive review see 
Maliogka et al. 2015). Although the efficacy of these approaches is generally con-
firmed in herbaceous hosts, long-term results in vineyards are lacking. More 
recently, with a better understanding of the RNA interference mechanisms underly-
ing pathogen-derived resistance (Pumplin and Voinnet 2013), virus-derived con-
structs inserted in the plants’ genome have been optimized for double-stranded 
RNA production. This was accomplished by using inverted repeat constructs to pro-
duce hairpins or by mimicking micro-RNA (miRNA) precursors (artificial miR-
NAs, amiRNAs) to activate RNA interference (Jardak-Jamoussi et al. 2009; Jelly 
et al. 2012).
Another approach relied on the expression of a single-chain variable fragment 
(scFv) derived from a monoclonal antibody raised against GFLV in planta. 
Transgenic herbaceous hosts exhibited variable levels of resistance (up to 100%) 
and resistance is correlated with the level of scFv accumulation (Nölke et al. 2009). 
A variation of this plantibody strategy consists of using nanobodies, i.e., variable 
fragments derived from heavy chain only antibodies of Camelidae (work in prog-
ress in our laboratory, Muyldermans 2013). The application of the nanobody 
approach against GFLV is underway in our laboratory (patent application WO 
2015/110601 A1). The transfer of all these innovative approaches to Vitis species is 
challenging, and two major difficulties need to be overcome. The first difficulty is 
of technical nature because virus resistance evaluation requires a vineyard setting 
with viruliferous nematode vectors since grapevines cannot be mechanically inocu-
lated. The second difficulty is of societal nature, if the technology is intended to be 
released for disease management, because wine and grape industries and the public 
are reluctant to adopt genetically modified grapevines. The suspicion against trans-
genic grapevines seems to be primarily driven by emotions because environmental 
and human safety issues related to virus-resistant transgenic plants have been exten-
sively addressed and no real risks have been documented (Oliver et al. 2011; Vigne 
et al. 2004).
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 Conclusions and Future Prospects
Since the demonstration of GFLV as the causal agent of fanleaf degeneration, much 
progress has been made to advance our understanding of virus biology and ecology. 
This particularly applies to recent progress on the transmission of the virus, a 
domain which has benefited from (1) functional synthetic ArMV/GFLV recombi-
nant viruses, (2) the resolution of virion structure, and (3) the availability of reliable 
transmission tests with X. index and X. diversicaudatum nematodes. A cavity 
exposed at the surface of the particle is proposed as the viral determinant of virus 
retention within the vector. This hypothesis needs to be confirmed with extensive 
mutations of the putative LBP with a special focus on modifications of amino acid 
charges. On the nematode side, efforts are underway to visualize virus particles at 
their retention sites with the hope that optical techniques coupled with biochemical 
treatments will help define the nature of the nematode receptor. This approach was 
successful at characterizing the receptor of CaMV within the stylet of its aphid vec-
tor as a non-glycosylated protein embedded in chitin (Uzest et al. 2007). There is no 
doubt that the recently cloned nanobodies raised against GFLV and fused to fluores-
cent tags will constitute valuable tools in the quest of this receptor.
Our understanding of the tubule-guided movement of viruses has remarkably 
improved, particularly with the discovery of host proteins involved in anchoring the 
2BMP protein for the initiation of tubule assembly in PDs. This work pioneered the 
identification of host factors interacting with GFLV to complete a critical step of the 
virus life cycle. More factors involved in every steps of the infection cycle, includ-
ing replication, cell-to-cell and long-distance movement, as well as nematode trans-
mission, need to be identified. The identification and characterization of host factors 
will not only advance our knowledge of plant infection but also help select candi-
date genes for targeted mutations using technologies based on nucleases of the 
CRISPR/Cas (clustered regulatory interspaced short palindromic repeats), TALEN 
(transcription activator-like effector nuclease), or ZFN (zinc-finger nucleases) fami-
lies. These nucleases introduce double-stranded breaks in the DNA of specific genes 
that are then repaired by the error prone nonhomologous end-joining pathway. This 
kind of mutagenesis is known as genome editing, and the resulting mutant plants are 
very similar to naturally occurring variants, with no exogenous sequences remain-
ing in their genome (from reviews see Sauer et al. 2016; Schaeffer and Nakata 2015; 
Xiong et  al. 2015). Grapevines obtained from the application of genome editing 
technologies could be included in a disease management program in a very near 
future (Jones 2015).
The ToRSV CP inhibits the silencing of a reporter gene through the enhancement 
of mRNA translation. The CP interacts with the silencing effector argonaute RISC 
catalytic component 1 (AGO1) and destabilizes it via its Trp/Gly (WG) motif situ-
ated in the C-terminal A domain. This position is compatible with a good accessibil-
ity in CP subunits but becomes buried in CP-CP interactions in the assembled 
particle (Karran and Sanfacon 2014). GFLV and ArMV CPs only bear a W residue, 
and although the flanking G residue was suggested to be dispensable for AGO 
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 binding, there is no evidence, to date, that the GFLV CP interacts with AGO pro-
teins. Moreover, no viral silencing suppressor (VSR) activity could be attributed to 
this structural protein in spite of many attempts (our laboratory and M. Fuchs, per-
sonal communication). The mutation of this W residue in an infectious GFLV clone 
for a comparative multiplication rate with the wild-type control should clarify the 
role of the CP and give some hints as to whether GFLV behaves akin to nepoviruses 
of subgroup C or whether it diverges. In any event, a VSR remains elusive for GFLV.
GFLV exhibits differences with other nepoviruses like ToRSV in terms of poly-
protein cleavage. Although overexpressed in planta, no cleavage of the GFLV 1EPol 
C-terminus was observed. This is in contrast to the VPg-Pro-Pol polyprotein of 
ToRSV in which a 16 kDa C-terminal peptide is removed to produce a truncated 
VPg-Pro-Pol form (Chisholm et  al. 2007). This VPg-Pro-Pol peptide associates 
with ER membranes during infection most probably via its interaction with a mem-
branous viral protein. This example highlights the need to better understand the 
stability and function of maturation intermediates of polyproteins P1 and P2 that 
can accumulate upon nepovirus infection. Such translation and maturation experi-
ments probably need to be carried out both in vitro and in vivo along with subcel-
lular localization experiments.
A short coding sequence was recently identified as symptom determinant in 
Nicotiana spp. in a compatible reaction (Vigne et al. 2013). However, this does not 
prefigure the viral sequence responsible for pathogenesis in other herbaceous hosts 
or in the natural grapevine host. Therefore, more work is needed to understand 
virus-plant relationships for symptom development. Such studies are easier to con-
duct on herbaceous hosts and will likely require next generation sequencing-aided 
surveys in grapevines to provide an extensive dataset for a comparative analysis of 
the virome in differently affected grapevines and subsequently open the way to 
reverse genetics experiments. A procedure facilitating the inoculation of grapevine 
would be of great interest for this kind of work and also for the study of GFLV in its 
natural host. This improvement would also allow the use of GFLV as a vector to 
genetically modify gene expression in Vitis species. Using GFLV in this respect 
would overcome the phloem limited restriction of the GLRaV-2 derived vector for 
studies on grapevine (Kurth et al. 2012).
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